The purpose of this study was to determine how lower-limb strength in older women affected gait speed, supportive forces, spatial, and temporal aspects of walking gait. Twenty-four women between 65 -80 yr performed maximal voluntary isometric contractions for the knee extensors (KE), knee flexors (KF), ankle plantarflexors (PF) and ankle dorsiflexors (DF) and were separated into low strength and normal strength groups using a KE torque threshold of 1.5 Nm kg −1 . They walked at both a standard speed of 0.8 m s −1 and at a self-selected maximal speed on an instrumented treadmill that recorded vertical ground reaction forces (vGRF) and spatiotemporal gait measures. Older women with low strength had 30% lower KE maximal torque, 36% lower PF maximal torque, 34% lower KE rate of torque development (RTD) and 30% lower KF RTD. Low strength women demonstrated slower maximal walking speeds (1.26 ± 0.20 vs. 1.56 ± 0.20 m s −1 ), lower vGRF during weight acceptance (1.15 ± 0.10 vs. 1.27 ± 0.13 BW), lower weight acceptance rates (11.3 ± 0.5 vs. 17.0 ± 5.5 BW s −1 ), slower stride rates, shorter stride lengths, and longer footground and double-limb support times (all P < 0.05). Maximal gait speed was strongly correlated to peak vGRF and rate (r = 0.60 -0.85, P < 0.01) and moderately related to lower-limb strength (r = 0.42 -0.60, P < 0.05). In older women with low strength, diminished peak vGRFs were associated with slower walking speeds putting them at risk for mobility limitation, disability, poor health, and loss of independence.
INTRODUCTION
In older adults lower-limb weakness has been related to poor mobility [1] [2] [3] [4] , increased fall risk [5] [6] [7] , hospitalization [8] , loss of independence and mortality [9, 10] . Generally, young adults possess lower-limb strength that allows them to produce the forces required to walk and run at moderate to fast velocities. Beginning in middle age, muscular strength declines at a rate of approximately 15% per decade [11] until older adults do not have the requisite strength needed to propel themselves to functionally significant speeds. When walking speed declines to the point that mobility is impaired, older adults are at a risk for disability, dependency, disease, and death [9, 10, 12] . Thus, a unilateral knee extensor (KE) torque threshold of approximately 1.5 Nm kg −1 has been proposed to identify those who are at risk for mobility limitation due to low strength [4, 13, 14] . These studies demonstrated that older adults with low KE strength are at increased risk for mobility limitation but did not investigate the connection between strength and the capacity to generate supportive forces during walking.
In adult humans, walking velocities generally range from 0.5 -2 m s −1 and as the speed of walking increases, the vertical ground reaction forces (vGRF) increase linearly [15] . It has been suggested by Winter [16] that the sum of the hip, knee and ankle extensor moments (i.e. support moment) "represents the net tendency of the lower limb to push away from the ground". Hof [17] expanded upon this concept and showed that the support moment was proportional to the product of the ground reaction force vector and its moment arm acting at the knee. Because the largest component of the ground reaction force is routinely the vertical component [18] , it should relate well to the support moment and the forces generated by lower-limb muscles. In the current study's simplified approach, the vertical component of the ground reaction force was used as a summative measure to represent the supportive forces of the lower-limb and was examined in relation to strength in older women. Use of the vGRF and basic gait parameters to evaluate lower-extremity performance may become increasingly useful as the clinical use of force sensing plates, gait mats, insole systems, and instrumented treadmills increases.
The purpose of this study was to better characterize why poor lower-limb strength is related to reduced walking speed in older adults by testing how strength affected supportive forces, spatial, and temporal aspects of walking gait. It was hypothesized that those with low KE strength would also demonstrate low knee flexor (KF), plantarflexor (PF), and dorsiflexor (DF) strengths. The authors theorized that poor lower-limb maximal joint torques and rates of torque development (RTD) would translate into lower vGRF and rates during walking, limiting maximal walking speed.
METHODS

Participants
Women between the ages of 65-80 yr were recruited from the local community and were separated into low and normal strength groups (described below). To participate, they had to be living independently, free of major neurological, muscular, skeletal or cardiovascular disease, and able to walk unassisted. Twenty-four women met these criteria, obtained consent from their physicians, and gave their own written, informed consent to participate in the research. Participant descriptive characteristics can be seen in Table 1 . The research protocol was approved for the use of human subjects by the university's Institutional Review Board.
Procedures
During the first visit to the laboratory, anthropometric measurements were taken, then subjects completed a Short Physical Performance Battery (SPPB) which included a timed four-meter walk at the participant's habitual gait speed, a balance test, and time to complete five chair rises [10] . Physical activity was assessed using the Rapid Assessment of Physical Activity with scores ranging from 1 (sedentary) to 7 for aerobic activity (≥ 6 = active) and 0 (no participation) to 3 (participates in both exercises) for strength and flexibility [19] . Next, participants were habituated to both the strength and treadmill walking protocols. Two to seven days later, participants returned to the laboratory for the second visit. The strengths of the KE, KF, PF, and DF were determined followed by treadmill walking at both standard and self-selected maximal speeds. Using the proposed KE torque threshold of 1.5 Nm kg −1 participants were separated into low strength and normal strength groups. Thirteen women had maximal knee extensor torques below 1.5 Nm kg −1 and were assigned to the low strength group, and eleven women had maximal knee extensor torques above 1.5 Nm kg −1 and were assigned to the normal strength group.
Strength measurement
Measurements of maximal torque and RTD were conducted using computerized dynamometry (HUMAC Norm, CSMI, Stoughton, MA, USA). Participants performed maximal voluntary isometric contractions for the KE, KF, PF, and DF. Each joint action was tested twice with 30 s of recovery provided between trials. The analog torque output of the dynamometer was sampled at 1 kHz using a data acquisition system and associated software (BIOPAC MP100, Biopac Systems, Inc., Goleta, California, USA). Maximal torque was determined as the highest torque produced over the two trials and maximal RTD was determined as the greatest instantaneous rate of change in the torque vs. time curve as described in detail previously [7] .
Gait assessment
To assess the vGRF, spatial, and temporal components of walking gait, participants walked on an instrumented treadmill (Gaitway II, Kistler Instrument Corp., Amherst, NY, USA) at two different speeds; 0.83 m s −1 and a self-selected, maximal, comfortable walking speed. This allowed comparisons between groups at a standard submaximal speed and a near maximal speed. Subjects walked at each speed for two minutes during which time the vGRF and center of pressure were sampled from the treadmill's force plates at 100 Hz using a personal computer, and accompanying software (Gaitway v.2.0.8.50, Kistler Instrument Corp., Amherst, NY, USA). At each speed, gait variables were recorded over ten sequential strides and averaged across both strides and legs for analysis. If during foot strike, the front foot failed to completely cross the threshold between the front and back force plates during any step, the trial was discarded. The first trial that included ten successful foot strikes for each leg was used for analysis.
Gait variables were calculated using the treadmill's software as described next. The intraclass correlation coefficient (r xx ) and standard error of the measurement (SEM) are given in parentheses as previously determined in the authors' laboratory with older subjects. In the automated analysis, the stance phase was separated into a weight acceptance period (1 st half of the foot-ground contact time) and push-off period (2 nd half of the foot-ground contact time) similar to the methods of Stacoff et al. [20] . Peak vGRF were determined during weight acceptance (F1; r xx = 0.99, SEM = 5.7 N) and during push-off (F3; r xx = 0.99, SEM = 4.9 N) by recording the highest force observed during the phase (see Figure 1 ). The weight acceptance rate (r xx = 0.98, SEM = 116 N s −1 ) was calculated as the slope of the force vs. time curve between 10 -90% of the weight acceptance peak force, and, the pushoff rate (r xx = 0.95, SEM = 115 N s −1 ) was calculated as the slope of the force vs. time curve between 90-10% of the push-off peak force.
Temporal gait parameters were calculated using the force-time data for each foot. Footground contact time (r xx = 0.92, SEM = 0.017 s) was the time from initial foot strike of one foot (beginning of force data) until toe-off of the same foot (end of force data). Single-limb support time (r xx = 0.74, SEM = 0.022 s) was determined as the time from toe-off of one foot until foot strike of the same foot. Double-limb support time (r xx = 0.69, SEM = 0.020 s) was recorded as the time from foot strike of one foot until toe-off of the opposite foot. Stride time (r xx = 0.96, SEM = 0.020 s) was determined as the time duration from foot strike of one foot to the next foot strike of the same foot. Then stride rate (r xx = 0.96, SEM = 1.2 strides min −1 ) was calculated by dividing 60 s min −1 by the stride time (s stride −1 ). Spatial gait parameters were calculated using the center of pressure data from each foot. Stride length (r xx = 0.93, SEM = 0.023 m) was measured as the distance in the sagittal plane from the initial center of pressure at foot strike of one foot to initial center of pressure of the next foot strike of the same foot. Stride width (r xx = 0.94, SEM 0.009 m) was calculated as the average distance in the frontal plane between the right and left foot centers of pressure.
Muscle activation
Muscle activations of the KE, KF, PF, and DF were assessed using surface electromyography (EMG). Preamplified surface electrodes (B & L Engineering, Santa Ana, CA, USA) were placed superficial to the vastus lateralis, medial hamstring, medial gastrocnemius, and tibialis anterior muscles with a ground electrode placed over the proximal head of the fibula. The EMG signal was imported to a personal computer via the data acquisition system where it was sampled at 1 kHz, bandpass filtered (30-500 Hz), fullwave rectified, and integrated every 20 samples. While walking, the peak amplitude of the integrated EMG was determined for each muscle group during both weight acceptance and push-off and was then normalized to the peak EMG from the maximal voluntary contraction.
Statistical Analysis
Differences between groups for subject age, anthropometrics, physical activity level, SPPB scores, strength and gait measures were assessed using a one-way analysis of variance. The normality of the data were confirmed with boxplots and the Levene statistic. The correlations between KE strength and the strengths of the other muscle groups and the correlations between strength and gait variables were tested using the Pearson product moment statistic. The significance level for all statistical tests was set at P < 0.05.
RESULTS
During the SPPB, low strength women demonstrated 15% slower habitual gait speed (Table  1) . Low strength women had 33% lower KE maximal torque, 36% lower PF maximal torque, 34% lower KE RTD and 30% lower KF RTD (Figure 2 ). KE maximal torque was moderately related to KF maximal torque (r = 0.43, P = 0.019) and PF maximal torque (r = 0.59, P = 0.001) but not to DF maximal torque (r = 0.12, P = 0.294). KE peak torque was also related to KE RTD (r = 0.48, P = 0.009), KF RTD (r = 0.37, P = 0.037), DF RTD (r = 0.51, P = 0.006) but not to PF RTD (r = 0.28, P = 0.092).
Both groups had equivocal performance while walking at the standard speed with the exception of 15% longer double-limb support time in low strength subjects ( Figure 1A , Table 2 ). Differences became evident at the maximal speed and when standard speed scores were normalized to maximal performance ( Figure 1B, Table 2 ). Self-selected maximal gait speed was 19% slower in low strength subjects with 9% lower F1 and a 33% lower weight acceptance rate (P < 0.05). This was accompanied by a 7% slower stride rate, 11% shorter stride length, 11% longer foot-ground contact time, and 21% longer double-limb support time (all P < 0.05). When walking at the standard speed there was a non-significant trend for higher levels of muscle activation during weight acceptance for low strength subjects (average 35 ± 12% vs. 27 ± 5% of EMG at MVC, P = 0.10) that was consistent across all muscle groups. Table 3 illustrates the relationships between lower-limb strengths, vGRF and gait performance.
DISCUSSION
The most novel aspect of this study is that it demonstrates that older women with low strength and RTD have correspondingly diminished peak vGRF and rates when walking quickly. Due to the linear relationship between vGRF and walking speed, it then followed that lower-limb weakness was related to slow habitual and maximal walking speeds. Older women with low strength had additional gait deficits including slower maximal stride rates, shorter maximal stride lengths and longer foot-ground contact and double-limb support times. Low strength older women were shown to have diminished force and speed reserve capacities when walking at a standard speed.
Gait
When examining the supportive forces, temporal, and spatial aspects of gait at the standard speed of 0.8 m s −1 , there were no distinguishing differences in performance between those with low or normal strength. This is likely due to the selected speed being the slowest minimum speed exhibited by those without disability [3, 21] allowing for comparable performance in this sample of healthy, independent livers. As such, at the standard gait speed both groups were operating within their strength capacities and due to the identical workload, the gait response was similar. Only double-limb support time was longer in lowstrength subjects suggesting that support of body weight during stance was shared between legs to a greater extent in those with low strength.
When walking at the maximal speed, low-strength participants experienced diminished F1 and largely reduced weight acceptance rates. The methodology used prevented the recording of the mediolateral and anteroposterior GRF and joint moments during walking and thus comparisons between strength and these measures could not be made. This study did show that a relationship exists between strength and supportive forces, as lower-limb maximal torque and RTD were correlated to the peak vGRF and rate during both weight acceptance and push-off periods. These findings are original and demonstrate one mechanism by which low strength can negatively affect mobility. Due to the positive, linear relationship between peak vGRF and walking [15] and stair climbing [22] speeds, those with poor strength had reduced capacity to walk quickly. Similarly, weight acceptance and push-off rates and walking speed were positively related such that those with poor RTD may have been less likely to generate force rapidly enough to achieve fast walking speeds. In low strength subjects, the reduced RTD and weight acceptance rate potentially explain power's greater influence on functional performance in comparison to strength as has been previously shown [1, 23] .
What is particularly interesting is that the strength-related deficits in force application appear to occur primarily during weight acceptance when work absorption is occurring and the KE and PF muscles are performing lengthening (eccentric) contractions. When appropriate, muscular strength training of older adults should therefore include exercises with an eccentric component (e.g. isotonic or body weight resistance) as exercises that do not have an eccentric component (e.g. water-based resistance, hydraulic resistance, and isometric exercises) are likely to be less effective at improving mobility.
It is reasonable to speculate that those with low strength modulate force application and gait during maximal walking to match their capacity for force production. For instance, lower maximal stride rate, shorter maximal stride length, and longer foot-ground contact and double-limb support times serve to share the workload of body support between legs and moderate the peak vGRF and rate. This may be a strategy to control balance, maintain a metabolic steady state or to limit neuromuscular fatigue, but the end consequence is reduced walking speed that places weak older women at risk for early mobility disability.
Strength and Mobility
The 1.5 Nm kg −1 KE torque threshold appears to be a good predictor of mobility in older women. Those falling below this threshold exhibited slower chair rise times and had habitual gait speeds below and maximal gait speeds just above the 1.22 m s −1 criterion often used to define mobility limitation [4, 24, 25] . What is generally evident is that as lower-limb strength decreases, maximal walking speed decreases in older adults. For example, Rantanen et al. showed that the probability of achieving the 1.22 m s −1 criterion increased linearly between KE maximal torques of 1.1 Nm kg −1 to 2.3 Nm kg −1 . Hence, the progressive decline in mobility seen with aging is linked to the progressive decline in strength making the maintenance of strength of utmost importance in the prevention of mobility disability.
This study showed that the strengths of the KF, PF, and DF tracked relatively well with KE strength, and in many instances were also related to peak supportive forces and walking performance. It is not surprising that the maximal joint torques and RTDs for a variety of lower-limb muscle groups are collinear with peak vGRF and gait speed. The muscle groups tested in this study work in concert to produce functional movements and exposure to physical activity, disease, age, nutritional and hormonal states, should have led to similar variability in their function. A limitation of this study is that the strengths of the hip flexors, extensors, and abductors were not measured despite their important role in locomotion.
Strength relative to body mass is a modifiable risk factor, influenced largely by participation in resistance exercise and secondly by body composition. In this study the low strength group exhibited higher body mass and BMI, which may have negatively contributed to their low relative strength. Because lower-limb strength relative to mass and vGRF relative to mass were associated with both habitual and maximal gait speed, further study should be dedicated to how excess body mass influences mobility in older adults.
Reserve capacity
Participants walked at both a standard speed (0.83 m s −1 ) and at their maximal pace which allowed for the determination of speed and force reserve capacities. It is disconcerting that in those with low strength the peak vGRF during walking at the slow, standard speed represented a very high percentage (91%) of their maximal force generating capacity. Whereas at the same speed, the peak force generated by older women with normal strength was a lower percentage of their capacity (84%). Showing similar results during stair climbing, Larsen et al. demonstrated that older adults walking at their freely chosen speed were utilizing 82% of their peak weight acceptance force whereas young adults were at 63% of their capacity [22] . In this study the standard gait speed and stride length also represented a greater proportion of maximal capacity in low strength subjects. Thus, even at a minimal gait speed, older women with poor lower-limb strength have little reserve capacity to increase force, stride length, or speed if needed. When operating near maximal capacity during normal locomotion the ability to recover from a loss of balance or move quickly (e.g. avoiding being struck by a vehicle) may therefore be largely compromised.
Conclusions
In older women, poor strength was associated with diminished peak vertical ground reaction forces and slower habitual and maximal walking speeds which may put low-strength older adults at risk for mobility limitation and disability. For low strength older adults, supportive forces during a slow, standard walking speed represented a higher percentage of maximal force capacity likely increasing fatigue rate, fall risk and the effort of mobility. Comparison of vertical ground reaction force relative to body mass between low and normal strength groups at a standard speed of 0.8 m s −1 (A) and at participants' self-selected maximal speed (B). Solid line represents the mean response of those with normal knee extensor strength (> 1.5 Nm kg −1 ) and dashed line represents the mean response of those with low knee extensor strength (< 1.5 Nm kg −1 ). F1 = weight acceptance peak force, F3 = push-off peak force. Comparison of maximal torque (A) and maximal rate of torque development (B) of the lower-limb prime movers between those with low (< 1.5 Nm kg −1 ) and normal (> 1.5 Nm kg −1 ) knee extensor strength. Values are mean ± SD. * = difference between groups, P <0.05. KE, knee extensors; KF, knee flexors; PF, plantarflexors; DF, dorsiflexors Table 2 Comparison of ground reaction forces, temporal, and spatial gait parameters between those below and above the proposed knee extensor torque threshold at both standard and self-selected maximal walking speeds Values are mean ± SD F1 = weight acceptance peak force, F3 = push-off peak force * = difference between groups, P <0.05, BW = body weights .091 F1 = weight acceptance peak force, F3 = push-off peak force KE = knee extensors, KF = knee flexors, PF = plantarflexors, DF = dorsiflexors RTD = rate of torque development * Correlation is significant at the P < 0.05 level ** Correlation is significant at the P < 0.01 level
